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o = ‘TECHNICAL MEMORAWDUM NO.- 1095

WIND-TUNNEIL INVESTIGATION OF THE HORIZONTAL
MOTION OF A WING NEAR THE GROUND?

By Y. M, Serebrisky and S. A, Blachuev

By the method of images the horizontal steady motion of
a wing at small helghts above the ground was investigated in
the wind tunnel, A rectangular wing with Clark Y-H profile
was bFested with and without flaps, The distance from the
treiling edge of the wing to the ground was varied within
the limits 0,75 < g < 0.25, Measurements were made of the

1ift, the drag, the pitching moment, and the pressure distri-
bution at one section, For & wing without flaps and one with
flaps a considersble decrease in the 1ift force and a drop in
the drag was obtained at angles of attack below stalling,

The flow separation near the ground occurs at smaller angles
of attack then is the case for a great height above the ground,
At horizontal steady flight for practicsl valuves of the

height above the ground the maximum 1ift coefficient for the
wing without flaps changes little, but markedly decreases

for the wing with flaps, An=slysis of these phenomena in-
volves the investigation of the pressure distribution, The
pressure distribution curves showed thst the changes occur—
ring near the ground are not equivalent to a change in the
angle of attack, At the lower surface of the section a very
strong increase in the pressures is observed, The pressure
changes on the upper surface at angles of attack below stall-
ing are insignificant and lead mainly to an increase in the
unfavorasble pressure gradient, resulting in the earlier occur—
rence of separation., For a wing with flaps at lerge angles of
attack for distances from the trailing edge of the flap to the
ground less than 0,5 chord, the flow between the wing and the
ground is retarded so greatly that the pressure coefficient

at the lower surface of the section is very near its limiting
value (p = 1), and any further possibility of increase in the
pressure is very small., In the application an approximate
computation procedure is given of the change of certain aero—
dynamic characteristice for horizontal steady flight near

the ground,

‘Report No. 437, of the Central Aero;Hydrodynamical
Institute, Moscow, 1939,
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INTRODUCTION

During recent years many papers have appeared which are
devoted to the study of the ground effect on the aerodynamic
characteristics of the airplane., The subject is of specilal
interest because of 1te bearing on one of the most important
problems of aerodynamics; namely, the landing and the take—
off of an alrplane, The maln body of the investigations 1is
concerned with the study of the horizontal steady motion near
the ground, Such study cannot, of course, provide an answer
to 21l questions arising in the solution of the above-—-mentioned
problem, While, for example, for computing the magnitude of
the induceéd drag in take-off 1t is still possible to use the
scheme of horizontal steady flight near the ground this
simplified scheme cannot be used in determining the landing
speed, since there 1s the additional effect of rotational
motion of the airplane that leads to the start of flow sepa—
ration and unsteady flow as the airplane nears the ground,
Both these factors result in an increase in the 1ift co-
efficient in landing, (See references 1 and 2,)

Together with the investigation being conducted at
present of the unsteady parts of the landing path of the
airplane, it was decided to supplement the existing data on
the horlizontsl steady motion of a wing near the ground by an
investigstion of the case of small heights above the ground
for wings with and without flaps, It was necessary also to
clarify the question as regards the increase in the maximum
1ift coefficient for horizontal steady flight near the
ground, The opinion exists that in the case of horizontsl
flight parallel to the ground where the heights above the
ground are very small, a considerable increase in the 1if¢
force occurs at all angles of attack, As the present in-
vestigation has shown, however, a considerable increase in
the maximum 11ft does not occur even when the height above
the ground is small, although at small angles of attack the
1ift increases very appreciadly., PFor the case of the wing
with flaps at all heights from the ground there is a decrease
in the maximum 1ift, It must agzin be emphasized that the
writer 1s concerned with horizontal steady motion near the
ground znd not with landing, for which the greatest change
is undergone by the portion of the polar curve near the
maximum 1ift coefficient due to the start of the separation
process,

The tests were conducted by the "method of images" on a
model of & rectangular wing (with and without flaps). For
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this wing together with the measurement of 1ift, drag, and
moment of longltudinal stability the pressure distribution
over the wing section near the ground also was found,
Analysis of the pressure distribution curves explains the
causes of the change in aerodynsmic characteristics of the
wing at horizontal steady flight near the ground,

NOTATION

a angle of attack of wing

a angle of attack corresponding to zsro 1lift

c wing chord

b wing span

& ratio of maximum thickness of profile to chord

A aspect ratio of wing

5¢ angle of deflection of flap

v velocity of undisturbed flow in wind tunnel or flight

velocity of airplane

o) imass density nf air

x distance along chord from leading edge

ag tangent of angle of ineclination of 1ift curve for

a wing cof infinite span

5 nondimensional pressure ccefficient

H distance frow the axis of bound vertex of wing to ground

s distance from treiling edge of wing to ground

s, distance from trailing edge of flap to ground

Cy, local ncrmal force coefficient

Cz1q local normel force coefficient for lower surface of
. profile
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C,y 1local ncrmal force coefficient for upper surface of
) profile

lazw sngle of attack of lower wing

Caw angle of attack of upper wing

TEST PROCEDURE

In the CAHI T-5 wind tunnel having an open—work section
and a diameter of the jet at the work section of 2,06 milli-
meters tests were conducted by the method of images on a
zmodel of & rectangular wing., Two identical wing models
1000 by 200 millimeters were prepared., A Clark Y-H profile
with relative thickness h = 0,12 was chosen, One of the
models (the lower one) was suspended on a six-component
balance, the other (the upper) was not connected with the
suspension systen, The upper wing was located with respect
to the lower wing as required by the method of images, that
is, such that the upper and lower wings formed a symmetrical
system with respect to a center plane passing between thenm
corresponding to the plane on the ground, For the test a
special setup was used that had been previously applied in
the investigation of the case of great height abcve the ground,
(See reference 3,) The lower wing was displaced downward from
the tunnel axis by 150 millimeters, The angle of attack c¢f
the uprer wing was controlled by an optical goniometer,
During the test the distance between the trailing edges of the
upper ~»nd lower wings was maintained constant while the angles
of attack were varied, The tests were conducted for six
different distances between the trailing edges (tabdle I):

’

TABLE 1
2s | 300 200 100 50 25 10
(mm)
% 0,75 .0.50 0.25|0.125{0.0623 {0,025

Further, to the wings were 2lso attached zap flaps, having

a chord 30 percent of the wing chord and a 60° mngle of flap
deflection, In the tests with the flaps the distence (251)
between the trailing edges of the cpen flaps was maintained
censtant, TFive distances between the trailing edges of the
flaps were investigated (tadle I1):

4
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TABLE 11
2s 300 200 100 50 25
(mms
s
-5 0.75 0.50 0.25 | 0.125 0.0625
c
The distance 251 = 10 millimeters could not be inves-

tigated since the strong Jjolting of the wings made it impossi-
ble to obtain sufficiently good measurements of the values of
the asrodynamic forces,

In the tests the 1ift force, the drag, and the pitching
moment were measured with respect to the nose of the profile
at various angles of attack and various heights above the
ground for the flapped and unflapped wings,

Together with the measurement of the forces and moments
for the tests with and without flaps, the pressure distri-
bution at one section of the upper wing was obtained over the
surface of the profile, The section was taken at the distance

100 millimeters (O.Bg) from the middle section of the wing

in order to 2avoid the effect of the supports, For the wing
without flaps at the surface of the profile 24 points were
chosen a2t which the pressures were measured, For the case
of the wing with open flaps 4 additional points were taken
at the lower surface of the flap (fig, 14), Also, all the
characteristics of the isolated wing corresponding to the
case 28 = o« and 251 = ® were obtained,

In analyzing the test results, the mean downwash of the
wind-tunnel flow was taken into account., This correction
was introduced also in the setting angle of the model of the
upper wing, For the isolated wing the induction of the wind
tunnel was t2ken into account in the usual manner, For the
mirror reflection the computations showed that the correction
on the induction of the wind tunnel was very small and could
be neglected (reference 4), The tests were conducted in
February 1938,
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LIFT, DRAG, AND MOMENT OF LONGITUDINAL STABILITY
| Wing without Flap

Figure 1 gives the curves of the 1ift coefficient against
angle c¢f attack, ZEBEach of the curves corresponds to a fixed
distance between the trailing edges of the wings., Judging
by the obtained test results, the change in the 1ift force
in horizontal steady motion very near the ground as compared
with flight far above the ground reduces essentially to the
fcllowing:

(a) There is a change in the angle of attack correspond—
ing to zero 1ift, 7For 5 > 0,5 this chenge is very small
and may be essentially neglected, This shows that for these
distnnces above the ground the effect of the profile thick-
ness is swall, Furthermore, with decrease in the distance
2s the displacement cf the angle of zero 1lift begins to
inerease rapidly and for % = ¢,125 for the given profile
with h = (,12 it attains a value approximately equal to
2 (fig. 1),

(®) For swall angles of attack near that corresponding
to zero lift there is a certain decremse in the 1ift as com—
pared with its values for the isclated wing, However, further
on and up to angles iumediately preceding the start of sepa~a—
tion, there is a very considerable increase in the 1iftl

(c) At swall values of C;, with decrease in s there is
a considerable increase in the derivative o0, /3a and, for

example for CL = gC for = 0,25, £XL 2 7.96, while for

oq

olwn

the isolated wing S&% = 3.73,

(d) For @ = 4 — 12° +the increase in the 1lift force co—

efficient AC; depends little on the angle of attack.
Below is given the mean values of the increments in the
above—-mentioned range of angles of attack:

TR 3 S LBERT ) AT Y 18 T T YT P g A LR At o s S e - e s

g 0.75 0.50 0.25 -~ 0.125 |.0,0625| 0,025

ACT €.105 0.145 0.220 0.295 0.380 0,475

‘The comparison with the approximate theoretical com—
putation is given in appendix I,

6
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(e) The change in the maximum 1ift ccefficient differs
very greatly from the changes in the 1ift coefficient at
"medium" angles of attack, Figure 2 shows the variation of
ACrzax with &, where ACpmax is the increment of the
maxinun 1ift coefficient, For % > 0.175 there is a small
decrease in Crmax: Thig drop at comparatively large dis—
tances has been confirmed by & large number of other tests,

(See references 5 and 3,) During the flow of air be-

tween the wing and the grcund there is an increase of pres—
sure at the lower surface of the profile, and for very small
distsnces this increasase in pressure is very large, At
mediun angles of attack 1t leads directly to a general in-—
crease in the 1ift, Simultaneously, however, with an in-
crease in the pressure at the lowsr surface there is a de—
crease in the pressure at the upper surface near the leading
edge and an increase in the unfavorable pressure gradient
which leads to an earlier flow separation near the ground,
At relatively large distances (£ 5 0.175) the increase

in pressure on the lower surface cannot entirely compensate
for the sharp increase in pressure at the upper surface due
to the early separation and for this reason a srall drop in
Cruax 1s obtained, 1If the distances are small, however,

(§ < 0.175) the increase in pressure at the lower surface is

so large that it covers the increase in pressure at the
uvper surface nctwithstanding the fact that the separation,
as before, staerts considerably earlier than in the case of
the isolated wing, Thus, for the case cf very swmall dis—
tances to the grcund CL uay somewhat exceed Crmax of

the isclated wing although at the upper surface the flow
will a2lready be entirely separated,

The cbove-mentioned facts are illustrsted with suffi-
cient clearness by the pressure distribution picture which
ig given below, In general, however, it may be said that
judging by the tests in the wind tunnel for 211 practical
values of the distance from the wing to the ground, the
maximum lift coefficient for steady horizontal flight near
the ground varies little, although at medium angles of
attack a considerable increase in the 1lift force is observed,

The curves of C; against % for various angles have
a very characteristic appearance. (See fig. 3.) For a =
2-12° and —% —» ®; that is, for s—=0 the value of Cf
approaches asynptotically a certain finite value, (See refer—
ence 1,) For negative a with decrease in the distance the
value of Cp drops sharply,., At these angles, owing tc the
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t¥enturi® effect, very large forces are produced pushing
both medels toward each other, so that for very small
digstances the test could not be conducted since the models
"hit" against each other,

Figure 4 gives the curves of Cp against o. For medi-—
um angles of attack there 1s a great lowering of Cp as cou—
pared with its values for the isolated wing., On approaching
the critical angles, the difference in the drags decreases and
at angles near the critical, the curve Cp for a given s °
intersects the Cp curve of the isolated wing, This is ex-
plained by the earlier geparation of flow near the ground,
There is further observed a considerable increase in the drag,
The angle of attack corresponding to the minimum drag in-
creases, The polars given in figure 5 show that near the
ground a very great increase in the wing efficlency.is obtained.

To estimate the order of the error obtained in determin-
ing O©Op and ¢; due to incorrect mounting of the upper wing,

special tests were conducted in which for a fixed value of the
angle of attack of the lower wing, the angle of attack of the
upper wing was measured within the range a,u = @1y T 2°,

The greatest effect of the incorrect mounting of the upper.
wing was found at angles near the criticel for small distances,

The results for o = 14° for 2s = 100 millimeters are
shown in figure 6, The error in theoangle of attack setting
of the upper wing was less than 0,5 ! On figure 6 (dotted
curves) are shown the small errors in the values OCp and Oy,
For more stable conditions of flow these errors are consider—
ably less,

Figure 7 shows the curves of the pitching moment with
respect to the nose of the profile for fixed values 2s
against the angles of attack, The change of these curves for
small and medium angles of attack with decreasing distance
from the ground to a large extent resembles the variation Cy

with o, There is a displacement to the right of the angle
of attack corresponding to GM = 0 and a considerable in-
crease in Oy at medium angles of attack, Moreover, in
connection with an inerease in pressure at the rear half of
the profile the increase in the moment with respect to the
profile nose occurs also at large angles of attack, that is,

“This angle was controljed with the aid Of all OpGLiCAL
goniometer, The range *0,5 4is to be taken with reserve,
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~even at those angles for which the flow of the upper surface
'is already separdted, At these angles there is a rearward
displacement cf the center of pressure, The curves of Cj
against C, (fig., 8) give a very small change as comparsad
with the case 2s =,

Wing with Flaps

For all curves for 6 = 60° one general property is noted:
namely, in passing from 28, =@ to 2s; = 300 millimeters
a very considerable change in the aerodynamic characteristics
occurs, A subsequent decrease in the distance gives relatively
smaller change in the characteristics,

In the case of the wing with flaps the change in the 1lift
curves (fig, 9) reduces to the following:

1, For angles of attack below stalling there is a parallel
displacement of the curve of Cj against o to greater values

of the 1ift coefficient,

2, The value of the maximum 1ift coefficient for horizon-
tal steady flight near the ground of the wing with flaps is
considerably lowered for all investigated distances above the
ground, The maximum of the 1lift coefficient curve is dis—
placed toward smaller angles of attack,

The maximum decrease in OC; ., occurs in passing from
2s;, = ® to 2s; = 300 millimeters, but the further changes
in Crmax are small, This result agrees well with the
measured pressure distribution., At large angles of attack for
2s;, = 300 millimeters the pressure coefficlent T at the
lower surface differs little from P = 1; that is, the flow
is almost entirely stopped, There remain only very small
possibilities for further increase in the pressure at the
lower surface., For this reason, however. small the distance
between the trailing edges of the flaps, this small reserve
of a possible increase in the pressures on the lower surface
cannot, of course, compensate for the drop in 1ift resulting
from the earlier flow separation on the upper surface due to
the increase in the unfavorable pressure gradient,

Figure 10 shows the change in the drag coefficient of the

wing with the flap, There is a considerable decrease in the
drag at the angles of attack below stalling. After the

9
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occurrence. of separation there.is 8 sharp increase in the
gaag of the wing, At small angles of attack the magnitude

—3 " colsideradbly decreases, On figure 11 are constructed

the polars for the wing with flap showing as in the case
with the wing without the flap a very considerable increase
in the efficiency.

The ¢urves of the moment coefficient against the angle
of attack (fig, 12) give for very small distances a rather
large scatter, This is explained by the vibrating of the
model and the inaccuracy resulting from this in measuring
the force applied to the tail support, 1In contrast with
the curves of Cm against o for the wing without flaps in
the given case; that is, for the wing with flaps there is a
decrease in the maximum value of C,, This fact, like the

drop in chax' is agssoclated with the fact that the pres—

sures at the lower surface are near the dynamic pressures
and their range of further change is restricted, Thus the
drop of the maximum value of €, is explained by the con-

siderable drop in the force C1 at a relatively small rear-
ward displacement of the center of pressure, The curves of
C; against OC, (fig, 13) show only small changes as com—

pared with the case of flight far above the ground,
PRESSURE DISTRIBUTION

The pressure distribution was determined parallel with
the main tests on the force measurement, The pressures were
measured on the upper_ wing at one section at a distance of

100 millimeters (0.2 g ) from the middle section of the wing,

Figure 14 shows the scheme of orifice location at this section,

The distances =x for the points at which the pressires were
measured are given in tadble 3:

TABLE 3

T, T ] Y T T ] l ! |
Points | 1] 2 3 4t 51 61 7 g 9|10 11 12 | 13 |- W
(nky |1 4 g | 171 30|60 | g0 {100 | 120 {1k0; 160 185 | 176 |165.5
Pointsl5| 16 17 | 18l 19|20}21| 22 23| 24 25 26 27 28
( X) 1'57 148 | 128 |107{100 |60 |30 | 17 9 L 1.74 122.5 | 192 198
mim

10
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The pressures were measured at 24 points on the surface
of the profile and at 4 points cn the outer part of the flap,
Thus in the tests with the flap point ¥o, 13 was located be—
tween the wing and the flap., The reading of the pressures at
all points was conducted with the 2id of a wultiple wmonometer,
The me=surenents were evaluated by the formula

5
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where Pige 1s the local pressure at the surface of the
profile and Pet is the static pressure nutside the flow
assuned equnl to the stotic pressure in the flow.

On 21l pressure distridbution curves the values of the
nondimernisional pressure coefficient p on the unper and
lower surfaceg nf the wing were 1laid off, In figures 15 to
12 are given the nressure distributions fer feour anglegs of
attack (casc of the wing without flaps). Fecr o = —4
(fig. 15) a large frrce was prcduced which impelled both
wings tcward each other, The cnefficient P on the lower
surface attained large negative volues,

0 0
Examinnotion of figures 16 and 17 (a = 6 2nd 10 ) permits
drawing an inportant crnclusion, It is generazlly assuned
that the effect of nearness to the ground is equivalent tc a
chnge in the true zngle of attack, This conclusion is
arrived ot cn rnalyzing, by the uwethod of images, the curves
~f C and Cp against a feor relatively large distances

2] ~ N - > 2 » .
(g ® §). The cbteined picture of the pressure distribution

shows, hcewever, that the changes cccurring nezr the ground
are in no woy equivanlent to 2 change in the ancsle of attack,
From figures 16 and 17 it is seen that over the linear por—
ticn of the change in OCOp on decreasing the distance between

the models, an entirely different pressure change is cbserved
on the upper and lower surfaces than on increasing the angle
of attack, On the upper surface for these angles of attack .
the pressure changes are insignificant 2nd consist mainly of
a decrease in p near the leading edge and an increase in p
near the trailing edge, Over the entire lower surface there
is a very ccnsiderable increase in pressure, Thus, it is
seen thet the grcund effect must not be ccensidered as equiva—

lent to a change in the true angle of attack, Acreement in
the value of the 1ift with the formulas taking account only
of the effect of the vortex sheet of the upper wing (references

11
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6 and 3) may be expected only for the case of large distances
C? > 1), where in general the changes in the aerodynamic
characteristics are not large, Thus, even for the approximate
computation of the change in Cy the finiteness of the chord
and the thickness of the profile must be taken into account,
The computations given in the appendix show ihat this may be

done with sufficient aceuracy only feor % >~3. As regards

the change in the drag for g > %, it is necessary to teoke

into account only the induced drag, For below-stalling angles.
of attack good gunlitative agreement is odbtained,

Figure 18 (o = 14°) confirms what has been remarked
above with regard to the change in Cyppay in horizontal
steady flight near the ground, It is seen on this figure that
premature flow separation is obtained on the upper surface
while on the lower surface there is & very sharp increase in
pressure, For g > 0,175 +this increase in the pressure can—
not compensate for the loss of Iift due t©¢ the separation from

the upper surface, For §'< 0.175 the increase in the
preéssures on the lower suriace 1s sc great that a small in-
crease in Cy 1Is cbfalined as compared with the value of
Cimax Ffor <&s = -» althocugh the flow of the upper surface
I8 alreéady cécmplétely separated, By planimetering the
curves of pressure distribution for all the angles of attack
and distances investigated, the curves cf local normal 1lift
coefficients (Cz;) against the angles of attack for fixed
values of 2s could be drawn (fig, 19), These curves give
qualitatively the same picture as the curves of C; against
a (fig. 1), The curves of the local ncrmal force coefficient
may be drawn separately for the upper surface (fig. 20) and
the lower surface (fig. 21), Figure 21 shows what a con—
siderable increase in the 1lift force is obtained as a re-—
sult of the increase in pressure at the lower surface of the
profile, The breaks in these curves (fig, 20) correspond

to the start of flow separation at the upper surface;

while for small distances, when the gap between the wings
was smz2ll, separation at the upper surface gave essentially
only & small effect on the lower surface, It 1s here also
seen that with further decrease in the gap the value of

the local normal 1ift coefficient at the lower surface
(Czls) approaches unity, Figure 21 shows that at angles

of attack below stalling for all distances, the changes

in the local normal force coefficient at the upper sur—

face are small, The separation at the upper surface

starts earlier than for the case of flight far above the
ground
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Figures,22 snd 23 show the pressure digtribution for
.the wiug with flaps for a = —4° (fig, 22) and a = 6°
(fig, 23)., 1In the région between the wing and the flap the
pressure was measured at only one point, and for this reason
it was not possible on the curves to give the pressure distri-
bution of the parts corresponding to this region, This regicn
has only a small effect on the totsl velue of the local normal
force coefficient snd account is tzken of it approximately by
waking use of the detsiled investigation of the pressure
distribution for such profile, (See reference 7.,) The
greatest chenges in nresesure occur in passing from the iso-
lated wing tc the distance 2s, = 300 millimeters, At the
upper surface near the leading edge the nressure decreases,

On figure 23 it is seen that for a = 6° for the distances 2s; = 50
and 28; = 25 millimeters separation has already started. For this angle
of attagk it is very clearly seen that the possibilities of further in-
creasing the pressures at the lower surface are not large, For example,
for 2s; = 25 millimeters the pressure almost everywhere attains practi-
cally its limiting value (p = 1).

The curves of local normal force crefficient against
angle of attmck given in figure 24 were obtained by nlani-
metering the curves of pressure distribution, They confirm
the gualitative results obtained on the Basis of the curves
of C; against «a. In figures 25 and 26 these curves were

drawn separately fcr the upper and lower surfesces, The small
increase in GCgzyg for angles of attack below stalling (figz,
25) as compared with flight far above the eround is connected
with the fact that the decrease in p near the lesding edge
in the case_of flaps is not entirely comnensated by the in—
crease in p nesr the trailing edge, It is of interest to
note that at very small distances the walues of the local
normal force coefficient for the lower surface Czis depends

little on the angle of attack (fig. 26).
CONCLUSIONS

1. In the case of horizontal steady flight at small
heizhts above the ground at below stalling angles of attack
the 1ift force very considerably increases and the drag de—
creases, An exception occurs in the case ¢f negative and
small positive angles for which owing to an effect 2nalo—
gous to the "venturi tube" effect, a econsiderable force is
produced that draws the wing to the ground,

13
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2. In horizontal flight near the ground the flow sepa—
ration at the upper surface occurs at smaller angles of at—
"Ytack than in fligzht far above the ground,

3. Ter 211 practical values of the distances above the
ground in horizontal steady flight, the value of Cypax of

the wing without flaps changes very little, This conclusion
nust not, of course, be extended to the process of landing

of the airplane where, on account of the rotationsl motion of
the wing and the effect of the unsteady flow on approaching
the ground, an additional increase in the 1ift is obtained
mainly near the value of Crpax.

4, For a wing with flaps there is likewise an increase
in the 1lift for angles of attack below stalling and a decrease
in the drag, The separation occurs at a considerably smaller
angle of attack than ia flight far above the ground,

5., For the wing with flap in horizontal steady flight
near the ground, there is a considerable lowering in Crpax.

6. Investigation of the pressure distribution for the
wing without flap showed that for angles of attack below
stalling on decreasing the distance above the ground, the
character of the pressure changes on the upper and lower sur—
faces is found to be quite other than on increasing the angle
of attack. At the upper surface the changes are slight and
reduce mainly to an increase in the unfavorable pressure
gradient leading to earlier flow separation, At the lower
surface with decrease in the distance there is a very sharp
pressure increase, whlch determines the obtained increase in
the 1ift,

7. For flight with fully opened flap it was found that
on decreasing the distance from the trailing edge of the flap
to the ground up to a valwe of the order of 0,5 chord for
angles of attack near the critical, the values of the pres—
sures at the lower surface on account of the very strong
retardation of the flow, are near the limiting value, that is,
the flow is almost entirely stopped,

8, The changes in the curves of € against C; Dboth
for the wing without flap and for the ang with flap are
small as compared with flight far above the ground,

14
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APPENDIX

Tt may be assumed that the change in the serodynamic
characteristics of a2 monoplane wing in horizontal steady
flight near the ground ls determined by three factors:

(1) the effect of the system of free vortices of the reflect—
ed wing, (2) the effect of the width of the chord, and (3)
the effect of the thickness of the profile., Such consider—
ation 1s, of course, a first approximation in the solution
of the problem since the effect of the shape of the profile
is not taken into account, The proposed scheme of compu-
tation is to a considerable degree Jjustified by the fact
that satisfactory agreement is obtained with the results of
experiment for distances from the axis of the bound vortex
to the ground H > %. The formulas are valid only for the
linear part of the "1lift curve Oy against «a. Let

ACL = ACLl + ACLa + ACLs (1)
where

ACL the tot»l correction which is added to the 1lift
coefficient of the wing flying high above the ground

ACL1 the correction for the effect of the system of free
vortices of the reflected wing

ACy, the correction for the width of the chord
AGL3 the correction for the thickness of the profile

1, Determination of ACLl:

a0

AC = ~=— 0
Il A L
where
a.
a = [¢]
1 iﬂii_igl-
mA
that is
aod
AcLl = (2)
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The values of o are given in figure 27, (See reference 6,)

2., Determination ofW£b£gi_W”ﬂﬂnu

To determine the effect of the width of the chord the
theory of the thin airfoll was applied, The solution 1is
consideradbly simplified if the first two terms of the series
are limited to giving the distribution of the circulation
over the chord,

The condition of equating to zero the normal velocity
along the chord may be written in the form

vsin o+ w, + wy =0

where w, 1is the normsl velocity produced by the vortex
system of the wing at a certsin point of the chord with the
abscissa x and w_ the normal velocity at the same point
induced by the vortex system of the reflected wing,
{

On satisfying this relation for two points (e.g.,
x* = 0 and ¥ = c) a system of linear equations may be
arrived at from which the two unknown coefficients for the

circulation series Ao and A, are determined, Without

making all the intermediate computations, the formula for
determining ACL2 is given:

ACr, = r(Y — 1) Cy, (3)
where
- /14 &E_2H Y
r \V/1 + oy 3 v Y = E:
The values of Y, are given in figure 28,

3. Determination of ACy, (reference 5):

ACL, = — 2,kh (4)
where R
B z
T = —_ o S R S e g s e S o e e
0.003 & {THE, -_]___)24» (E_"E_. " —2-‘)2
Le® 64 c?® 64
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The correction ACy, gives a parallel displacement of the
CL,.curve to the right,

Pigures 29, 30, and 31, show a comparison of the values
computed by these formulas with test results, The theoreti—

.cal values of €1, obtained by formula (1), are given by the

continunous curves, In view of the fact that the theoretical curves
are drawn for fixed values of H while the test was conducted
for constant 8, it was necessary to interpolate the test
values (dot—dash), The couparison shows that for E:>0'5

the agreement obtained is satisfactory., For o > 0 the
values of H are greater than_the corresponding values of s,

It may be shown that for S > 3 the computation by formula (1)

gives satisfactory results,

On the same figures 1is given the comnutation according to
Wieselsberger in which account was teiken only of thne correc—
tion ACy, (dotted curve), Bad agreement was obteined with
experiment for the distances investigated, The fcorumula of
Wieselsberger msy bes used only for § > 1,

The correction on the drag for ground effect ls very diff'icult to
obtain in the casme of esmall reights above the ground at negative and small
positive angles (in this care —4%< o< 29 wherc there i: &'s0 the
venturi tube effect. The change in the drag due to ground effect for
angles of attack below stzlling may be approximately accounted for by
the formula ' ‘

ACp = Aa Oy, (5)

The computation by the above formula is conducted in the
following manner:

1. Construct the curves of Cj against o for H = o
and for a certain fixed value of H by formula (1).

2, Draw the polar of the wing for H = o,

3. Redraw the polar, For this purpose, determine what
eguivalent increase in the angle of atteck Ao is obtained
in passing from the C; curve for H = » to the C; curve
constructed bty formula (i) if Cj is constant, By multiply-
ing the reasured Ao Dby the corresponding Cp there is

obtained by formula (5) the value of ACp, The pnint of the
polar taken for the ssme Cj to the left is displaced by
an amount equal to ACy.

17



NACA TM No, 1095

Figures 29, 30, and 31 show the comparison of the polars
obtained by formula (5) and the curves obtained by interpo—
lating the test for the same H, There are also given the
polars obtsined by the Wieselsberger formula, The comparison
shows that for % >0,5 the agreement of the computation by

formula (5) with experiment for below-stalling angles is
sufficiently close,

. For the case of the wing with flap the derivation of the
generzl relations offers great difficulties, Here are given
empirical formulas obtained on the basis of the anslysis of
the results of the test described above, They are true for
5¢ = 60° for sngles of attack below stalling,.

-
0,145 —S-
Sy
ACT, =
0.27 £~ + 1
8y
0.155 S- ’ (7)
1
0.41 — + 1
5,
5¢ = 60° B

For the test here described these formulas give good agreement,

Translation by S. Reilss,
National Advisory Committee
for Aeronszutics,
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